1. Volume of turbidites generated by slope failure and volume of shear compaction during landslide emplacement are estimated for the first time;
the volume of shear compaction occurring during the emplacement of failed sediment. In this study, the true volume of a large submarine landslide in the northern South China Sea is estimated using seismic, multibeam bathymetry and ODP/IODP well data. The submarine landslide was evacuated on the continental slope and deposited in an ocean basin connected to the slope through a narrow moat. This particular character of the sea floor provides an opportunity to estimate the amount of strata remobilized by slope instability. The imaged volume of the studied landslide is ~1035±64 km 3 , ~406±28 km 3 on the slope and ~629±36 km 3 in the ocean basin. The volume of sub-seismic turbidites is ~86 km 3 (median value) and the volume of shear compaction is ~100 km 3 , which are ~8.6% and ~9.7% of the landslide volume imaged on seismic data, respectively. This study highlights that the original volume of the failed sediments is significantly larger than that estimated using seismic and bathymetric data. Volume loss related to the generation of landslide-related turbidites and shear compaction must be considered when estimating the total volume of failed strata in the submarine realm.
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Plain Language Summary
Submarine slope failure can mobilize large amounts of seafloor sediments. Submarine landslide volumes are usually estimated by mapping their tops and bases on seismic data.
However, two essential components of the total volume of failed sediments are overlooked in most estimates: a) the volume of sub-seismic turbidites generated during slope failure and b) the volume of shear compaction occurring during the emplacement of failed sediment. In this study, the true volume of a large submarine landslide in the northern South China Sea is estimated using seismic, multibeam bathymetry and ODP/IODP well data. The volume of sub-seismic turbidites and the volume of shear compaction in the northern South China Sea are ~8.6% and ~9.7% of the landslide volume imaged on seismic data, respectively. This
Introduction
Submarine landslides typically record complex deformation and downslope transport processes, with slides, slumps, debris flows and turbidity currents being often documented on the world's continental margins (e.g. Dott, 1963; Nardin et al., 1979) . The three latter processes are considered in the literature as generating the main components of mass-transport deposits (MTDs), and can be identified on seismic data (e.g. Nardin et al., 1979; Moscardelli and Wood, 2008; Bull et al., 2009 ). In addition, turbidites generated during slope failure are commonly observed on sediment cores as they cover very large areas of continental slopes and ocean basins (e.g. Piper et al., 1997; Masson et al., 2002; Owen et al., 2007) .
Detailed estimates of the volume of MTDs (Vm, see Text S1 for the detailed terminology definition; Fig.   1a ) on seismic data, and morphological analyses of seafloor scars using multibeam bathymetric data, are key to calculate the residual volume of failed strata after their emplacement (Vr, Fig. 1 ) (e.g. ten Brink et al., 2006; Lamarche et al., 2008; Alves and Cartwright, 2009; Vӧlker, 2010; Calvès et al., 2015) . However, residual failed volumes are probably larger than the primary volume of failed strata (Vm, Fig. 1a ), because landslide-related turbidites can seldom be imaged in detail on seismic data. The sub-seismic nature of these turbidites, and the limited coverage of boreholes on many a continental margin, make the estimate of the volume of turbidites (Vt) derived from discrete instability events virtually impossible.
The volume of MTDs (Vm) interpreted on seismic and bathymetric data is usually considered in the literature as the original volume of totally failed sediments (Vo). Nevertheless, the parameter Vo usually comprises all remobilized sediment, i.e. the initial volume of failed strata and the sediment incorporated in the landslide during its downslope transport. Conversely, volume loss (Vl) caused by shear compaction should also be taken into account (but rarely is) when characterizing MTD emplacement (Figs. 1b-c ).
Around 20% of water and associated porosity are lost in MTDs when comparing these with undeformed strata (Shipp et al., 2004 Locat et al., 2004; Text S1) . Furthermore, to accurately calculate the original volume of failed seafloor strata is important when modeling landslide-generated turbidites, many of which can disrupt cables and other infrastructure placed on the sea floor (Pope et al., 2017) .
In this study the evacuated zone of an MTD generated on the continental slope of the northern South China Sea, and its depositional zone in an ocean basin, are imaged using a large seismic dataset (Fig. 2a) .
These two areas (slope and ocean basin) are separated by a structural high (continent-ocean boundary:
COB), being only connected through a narrow bottle-neck pathway, or moat (Fig. 2a) . Such a configuration provides an opportunity to estimate the volume of strata accumulated as 'sub-seismic'
turbidities. In addition, volume loss by shear compaction was calculated using previously acquired ODP/IODP well data. This study is the first to address 'sub-seismic' turbidite volumes and the total volume of sediment lost during the emplacement of MTDs. Our results are of key significance to other slope failures on the world's continental margins. ODP/IODP data from the Amazon Fan (Site 941A of ODP 155) and Gulf of Mexico (U 1322B, U1323A
Data and methods
and U1324B of IODP 308), from similar depositional environments to the northern South China Sea (located in the deep-water areas and dominated by fine-grained sediments, Table S1 ), are used as analogues to the study area. IODP Site U1432, located on a debris fan, is not used in this study because it was not cored or logged (Fig. 2a) . Sediment porosity in the interpreted ODP/IODP wells was calculated Fifty-two (52) profiles with a spacing of 2-5 km, crossing the headwall scarp of the main MTD, were also used to reconstruct seafloor bathymetry prior to slope failure (Text S3; Figs. S1-S2). After reconstructing the slope paleo-bathymetry, the volume of sediment evacuated from the slope was calculated by comparing the present-day seafloor with its reconstructed counterpart (Figs. 3b-c; Text S3).
For the calculation of shear compaction we used best-fit curves of porosities for normally compacted fine-grained sediments (P n (h)), and failed fine-grained sediments (P m (h)), on the ODP/IODP borehole data previously mentioned (See Text S2 for details):
Where h is the depth in mbsf. Porosity losses (P ave (h)) are mainly caused by shear compaction during the emplacement of failed sediment (for a defined burial depth), and are expressed by Equation (3):
The average porosity loss (ΔP ave ) for a MTD with a thickness H 2 can be calculated using Equation (4):
Where the ΔP ave is calculated from a depth of 1 mbsf, and following 1-m steps.
Therefore, the lost thickness (ΔH) for a certain location with an MTD showing a thickness H 2 , can be expressed by:
By integrating ΔH for every unit area (ds), the lost volume caused by shear compaction can be calculated using the Generic Mapping Tools program (GMT) of Wessel and Smith (1998) .
Mass-transport deposits and their imaged volume on seismic data
On the northern continental slope of the South China Sea (Fig. 2a) S3-S4). Fine-grained sediments (mud) predominate in shallow strata (< 400 mbsf) (Gong et al., 1997; Zhu et al., 2009; Xie et al., 2013; Sun et al., 2017a) . The study area comprises two regions, a slope region and the ocean basin, which are connected through a 9 km-to 14 km-wide moat (Fig. 2a) .
The continental slope covers an area of ~5500 km 2 and shows headwall scarps that are 10 m to ~185 m tall (Figs. 2a-b) . The volume of failed sediment accumulated on the continental slope, as interpreted on seismic data, is ~406±28 km 3 (Fig. 3a) . Any errors in volume estimates for failed sediment are chiefly caused by the resolution limits of the seismic data. Hence, a value of half the theoretical seismic resolution (~5 m on the continental slope and ~6.5 m in the ocean basin) are adopted in this work as minimum error values. Because the scarps of slope failures are fresh in the study area, differences in sedimentation rates within and outside the scarps are likely minor. Therefore, the depleted (or evacuated) MTD volume in this work takes into account the height of headwall scarps on the present-day seafloor, and returns a value of ~715 km 3 Text S3) . This means that a large volume of failed sediment was transported into the ocean basin through the moat imaged in Fig. 3a .
The ocean basin is a depositional area. It shows a maximum thickness just outside the moat (Fig. 3a) and scatters from this point to form a debris fan with ~5600 km 2 (Figs. 2a, 3a) . This debris fan gradually wedges out from the moat (Fig. 2d) . The estimated MTD volume in the ocean basin is ~629±36 km 3 considering a seismic-data resolution of ~13 m for this region. Therefore, the total volume of the MTD (Vm) imaged on seismic data, including any deposits remobilized in the slope area, is ~1035±64 km 3 (i.e., 406±28 km 3 + 629±36 km 3 ). An important observation is that a volume discrepancy is clear between the evacuated zone on the continental slope (~715 km 3 ) and the depositional zone in the ocean basin (debris fan: ~629±36 km 3 ). This discrepancy ranges from ~50 km 3 to ~122 km 3 (Fig. 3a-c) .
Volume lost by shear compaction
Shear compaction during slope failure can cause overconsolidation of emplaced MTDs. This has been confirmed by identifying losses in porosity and water content in failed materials (Piper et al., 1997; Shipp et al., 2004) , by core observations (Tripsanas et al., 2008; Strasser et al., 2011) , and by observations of trapped free gas underneath failed material (Sun et al., 2017b) . Multiple DSDP/ODP/IODP wells have been drilled through failed sediment (e.g. Piper et al., 1997; Strasser et al., 2011; Dugan, 2012) . Amongst them, only a few wells with robust evidence for similar depositional environments to the study area are used in this work (see Table S1 ).
The porosity of undeformed and failed sediment (MTD) is calculated here using sediment bulk densities and the equations previously mentioned. Significantly, the porosities of undeformed and failed sediment both follow logarithmic curves and reveal relatively high best-fit coefficients (R 2 ) of 0.76 and 0.63, respectively (Fig. 3d) . These best-fit curves show that porosity quickly increases from the sea floor to ~9 mbsf , to then gradually decrease below this latter depth (Fig. 3d) . Conversely, the porosity difference between the MTD and 'background' slope sediment is less than 1% below ~455 mbsf (Fig. 3d) . As a result of our estimates, the volume loss caused by shear compaction during slope failure is calculated as ~100 km 3 in the study area ( Fig. 3e ; Text S2).
Discussion
The amount of volume loss caused by shear compaction is chiefly related to the properties of the sediment in the MTDs, namely their lithology. Even small shear stresses will cause significant porosity and volume losses in fine-grained sediment (Piper et al., 1997; Shipp et al., 2004) . Therefore, we must emphasize that the best-fit curves used in this study are mainly applied to depositional environments in which fine-grained sediments predominate (Fig. 3d) . When calculating volume loss by shear compaction, landslide-related turbidites are not considered, because: (1) they do not experience shear compaction and (2) the best-fit curve calculated in Fig. 3d is derived from analyzing failed material that is already emplaced (slides, slumps and debris). In the study area, the volume reduction caused by shear compaction is ~100 km 3 or ~9.1% to 10.3% (median value of 9.7%) of the total volume of the MTD imaged on seismic data. This value (~100 km 3 ) is larger than 74% of the known volume of slope failures, according to the statistical data provided by Moscardelli and Wood (2015) . Thus, shear compaction must be considered when calculating the volume of emplaced MTDs, especially when dealing with large slope failures.
Porosity curves of 'background' slope sediment vs. MTDs indicate that shear compaction plays an important role in reducing porosity in shallow (failed) strata (Fig. 3d) . As burial depth increases, the porosity difference between 'background' slope and failed sediment becomes small, probably due to changes in the texture of failed sediment during burial (e.g. Ogiesola and Hammes, 2012; Alves et al., 2014) . If one considers different depositional environments to the northern South China Sea's, the best-fit curves will not strictly be the same as in Fig. 3d , but should nonetheless show similar trends to this latter figure. In the study area, the effect of shear compaction is healed with depth and the failed sediment tends to normal compaction at ~640 mbsf (Fig. 3d) .
Few published cases show clear boundaries for evacuated and depositional zones of MTDs, a caveat resulting in the impossibility of calculating turbidite volumes using seismic and bathymetric data alone.
Normally, the volume of MTDs evacuated from the continental slope is expected to equal the depositional volume in the ocean basin. Because of the sub-seismic resolution of most discrete turbidite flows, they cannot be directly imaged and volume estimates must be gathered from subtracting MTD volumes between evacuated and depositional zones. In this study, the volume difference between the evacuated sediment on the slope and the material deposited in the ocean basin can be used as a first-order estimate for turbidite volume, because the deposits in the ocean basin show very minor evidence for erosion and slope entrainment. Thus, the amount of sediment incorporated in the MTD emplaced in the ocean basin did not contribute significantly to its (imaged) volume on seismic data. Considering calculation errors and the resolution of the seismic data interpreted in this work, a minimum of 50 km 3 and a maximum of 122 km 3 are estimated to be the volume of turbidites scattered in the ocean basin. Therefore, turbidites associated with slope failure are ~4.5% -~12.6% of the imaged MTD volume (median value of 8.6%) in the study area.
Turbidite rates (the volume of failed sediment transformed in turbidites) are variable on a case-by-case basis. From the limited cases reported in the literature, the Storegga Slide shows turbidite rates ranging from 7.8% to 10.4% (Haflidason et al., 2005) , values that area similar to the turbidite rates calculated in this work. However, some major landslides do not show any associated turbidites (e.g. the Sahara Slide on the northwest African continental margin; Georgiopoulou et al., 2010) . In some steeper continental slopes, turbidite rates may be much larger than those reported here as turbidity currents often incorporate significant volumes of seafloor sediment. The precise factors controlling the volume of failed sediment for Makran Accretionary Complex) would therefore be expected in these large-scale slope failures (See Table S2 for the possible turbidite contents of large-scale slope failures (imaged volume  1000 km 3 ) (Dingle, 1977; Dingle, 1980; Trincardi and Argnani, 1990; Popenoe et al., 1993; Piper et al., 1997; Torelli et al., 1997; Niemi et al., 2000; Wynn et al., 2000; Collot et al., 2001; Haflidason et al., 2004; Lee et al., 2004; Frey Martinez et al., 2005; Gee et al., 2006; Vanneste et al., 2006; Hjelstuen et al., 2007; Burg et al., 2008; Lamarche et al., 2008; Chaytor et al., 2010; Owen et al., 2010; Mosher et al., 2012; Denne et al., 2013; Armandita et al., 2015; Calvès et al., 2015; Leslie and Mann, 2016) ). It is worth to note that there are still some uncertainties about the volume estimates for turbidites in the study area. These uncertainties derive from cumulative errors when estimating the volume of sediment originally evacuated from the slope, and unknown differences in the physical properties of evacuated and deposited materials. To obtain a final value for turbidite volume, a large coverage of high-resolution 3D seismic and borehole data are necessary in the future studies.
Apart from the realization that MTDs are an important stratigraphic component of continental margins (they can reach ~ 70% of their total volume of sediments; Maslin et al., 2004; Moscardelli and Wood, 2008) , this study has significant implications to, at least, four key aspects: (1) when accurately calculating the volumes of MTDs, a piece of information that isimportant to the modeling of sediment transport and distribution processes in deep-water margins; (2) when modeling tsunami height and distribution, as the initial volume of failed sediment (Text S1), together with water depth, initial sediment acceleration, sediment type and slope gradient, are important parameters influencing the magnitude of landslide-triggered tsunamis (Locat et al., 2004) . Most published data, using only imaged volumes (Vm)
for MTDs, have consistently returned modeled tsunami magnitudes that are lower than their witnessed heights, e.g. 1998 Papua New Guinea tsunami (Synolakis et al., 2002 ), 1929 Grand Bank (Fine et al., 2005 and 1964 southern Alaska (Brothers et al., 2016) . For example, the modeled height for the 1998 Papua New Guinea tsunami was 20% -50% lower than the values observed in the field (Synolakis et al., 2002) , a result of systematic underestimations of the volume of MTDs associated with the tsunami; (3) deep-water cables can be disrupted by landslide-generated turbidity currents (Carter et al., 2012; Pope et al., 2017) .
The volume of turbidites (Vr) is, therefore, a significant parameter when modeling turbidity-current dynamics in deep-water areas; (4) the volume distribution and physical changes of sediments (e.g.
decreases of porosity and permeability of MTDs; Shipp et al., 2004; Piper et al., 1997; Sun et al., 2017b) are key to a correct assessment of seal competence in hydrocarbon-rich areas.
Conclusions
Turbidites generated during slope instability events, and shear compaction during landslide emplacement, are estimated for the first time using a comprehensive dataset from the northern South China Sea. They have similar orders of magnitude and are both important components of the original volume of failed sediment. The original volume of failed sediment is ~18% higher than the imaged volume on seismic reflection data. Therefore, landslide-related turbidites and shear compaction cannot be overlooked. Volume estimates of slope failure are themselves, an important component in deep-water sedimentological studies and have serious implications to the modeling of transport processes and dynamics of failed sediments.
They also have implications to the modeling of landslide-generated tsunamis.
This study shows that failed sediment is overconsolidated at shallow burial depths, and depositional compaction has a minor influence on failed strata when compared to 'background' slope units. As burial depth increases, the compaction (porosity loss) rates of deformed and undeformed sediments tend to even out. Hence, this study provides a first approach to estimating the original volume of MTDs, and how to calculate sub-seismic turbidite and shear compaction volume losses. Nevertheless, we must stress that other factors influence the volume estimate of failed sediments. Shear compaction of mixed sand-mud and sandstone-rich MTDs, the precise controlling factors generating landslide-related turbidites, errors when calculating evacuated volume, and the influence of shear compaction on volume estimates of turbidites, should be key parameters to assess in future work. showing an MTD scattered away from the interpreted moat.
